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Background:
Tumor growth, survival and metastasis depend critically on the development of new blood vessels:

so called angiogenesis (1, 2). Therefore, extensive research has been focused on developing strategies to
suppress angiogenesis. Vascular targeting agents (VTA) are new types of anticancer drugs that act on
existing tumor vasculature, causing vascular disruption, which ultimately leads to extensive ischemic
tumor cell death (3-5). Tubulin binding agents, i.e., combretastatin A-4-phosphate (CA4P), ZD6126, are
one kind of VTAs (4, 5). Promising preclinical studies have shown that such agents selectively caused
tumor vascular shutdown and subsequently triggered a cascade of tumor cell death in a broad range of
experimental tumors (6, 7). More recently, a combination of VTA with other therapeutic modalities,
e.g., radiotherapy or chemotherapy produced synergistic effect (8). Traditional methods for detection of
therapeutic response generally rely on a gross decrease in tumor size. Although these methods are useful
for assessing response at the end of treatment, little information is available early in the course of
treatment. Functional MRI permits non-invasive evaluation of tumor physiology, potentially revealing
treatment-induced changes occurring prior to overt changes in tumor size (9, 10). One major goal of this
project is to apply in vivo noninvasive functional MRI approaches for fully understanding and precisely
assessing the dynamic changes in blood perfusion and oxygenation in response to VTA, so that we may
predict response and optimize timing for combined VTAs with irradiation.

Body:

In accordance with Statement of Work for Year 1 in this project, I have applied functional MRI
approaches including DCE (dynamic contrast enhanced) MRI, BOLD (Blood oxygen level dependent)
MR and ""F FREDOM (Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen
Mapping) NMR oximetry to extensively studying tumor vasculature and oxygenation in subcutaneous
model of 13762 rat breast tumors.

For the untreated control tumors, I designed a novel MRI approach to study potential correlation
between tumor vasculature evaluated by 'H DCE, BOLD MRI and tumor oxygenation acquired by PF
FREDOM oximetry. A significant correlation was found between changes in tissue pO, and BOLD
response accompanying oxygen intervention in the total of nine 13762NF breast tumors (R > 0.9, 11).
However, there was a weak correlation between baseline pO, and BOLD response. No correlation was
found between transverse relaxation rate R, and pO, during respiratory challenge. Furthermore, DCE
MRI data (IAUC) showed no correlation with F pO, or BOLD data (11-13).
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Figure 1 Tumor blood oxygen level dynamics - proton BOLD MRI and R,". A 2 mm slice of a
representative breast NF13762 tumor was studied by proton MRI using T, -weighted echo planar
imaging (EPI, upper). Normalized subtraction maps at different time points showed heterogeneous
response to oxygen inhalation. Significant increase in signal intensity with oxygen breathing indicated
decreased deoxyhemoglobin. A maximum 9% increase in mean signal intensity was observed at about 5
min after switching to oxygen. Maps of transverse relaxation rate R, (bottom) were generated from
multigradient echo sequence with 8 echoes for the same 2 mm slice. A difference map (ARy) by
subtracting oxygen map from baseline map showing certain decrease in R, at some tumor regions with
respect to oxygen breathing, which is related to decreased deoxyhemoglobin.
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Figure 2 Tumor oximetry — FREDOM. F pO, maps obtained from the 2 mm thick slice of the same
tumor, as shown in Figure 1, showed distinct heterogeneity under baseline conditions. Mean pO,
increased significantly in response to oxygen inhalation, (mean pO, = 16 + 2 (se) vs. 83 * 7 torr; p <
0.001).

I have also performed extensive studies on tumor blood vessels, perfusion, and hypoxia in the 13762
rat breast tumors. Immunohistochemical studies of tumor hypoxia and vasculature using hypoxic marker
pimonidazole and endothelium marker CD31 showed that a higher microvascular density (MVD) and
lower labeling index of pimonidazole in tumor periphery than the central regions.

"D31

Figure 3 Comparison of pimonidazole and CD31 in a representative tumor. Light immunostaing for
CD31 (left) indicated extensive vasculature. Fluorescent staining for hypoxia (pimonidazole, green) was
observed at some distance from blood vessels stained for CD31 (red).

Based on the above results, one peer reviewed paper and two abstracts of conference
proceeding have been published (11-13), one peer reviewed paper is being prepared (14).




For the treated tumors, integrated functional MRI techniques including 'H Diffusion-weighted MR,
DCE MRI and BOLD R, measurements and '°F NMR oximetry were applied to detect early changes in
tumor tissue, vasculature and oxygenation after a vascular targeting agent, Combretastatin A4 phosphate
(CA4P; OXiGENE, Inc, Waltham, MA) injection. In terms of CA4P dosage, I tried several doses
ranging from 30mg/kg to 150mg/kg. My results showed that even a lower dose at 30mg/kg produced
significant effect on tumor vasculature. So the dose of 30mg/kg ip. was used for the whole study.
Apparent diffusion coefficient, ADC values obtained by diffusion-weighted MRI showed a significant
decrease at 2hr after i.p. CA4P infusion (mean =1.1 x 107 versus 0.9 x 10 mm*/sec; p < 0.01, Fig. 4).
This observation may be interpreted that pre-necrotic process and decrease in blood perfusion cause a
decreased extracellular space, which is highly related to proton diffusion distance. For the group of six
tumors, there was a general trend with an increase in a mean R, value at 2hr after CA4P (mean=92.5 +
7 vs 858 + 6 s7), but no significant difference was found. Dynamic contrast enhanced MRI
demonstrated a significant decrease in IAUC at 2hr after CA4P (0.88 + 0.06 vs 0.31 + 0.08, p < 0.001),
which then recovered to a baseline level at 24hr later (0.82 £ 0.05).
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Figure 4 Comparison of ADC values between prior to and after CA4P. Representative ADC maps
acquired at pre and 2hr after CA4P and AADC map showed decreased ADC value after CA4P. A
significant decrease in ADC was found 2hr after i.p. injection of CA4P (p < 0.01).
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Figure 5 Dynamic contrast enhanced MRI in response to CA4P. Normalized T1-weighted contrast
enhanced images were acquired 25 s after a bolus injection of 0.1 mmol/kg Gd-DTPA-BMA at pre and
2hr after ip. CA4P, respectively. Signal versus time curve showed a significant decrease in signal
enhancement (pink) at 2hr after CA4P, compared to that of baseline (blue).

Most interesting and important results obtained by now are data of dynamic tumor oxygenation in
response to CA4P because status of tumor oxygen tension is directly related to outcome of irradiation,
which has been proposed in Task 2 of this project. To my best knowledge, this study is the first to
monitoring tumor pO, dynamics following an injection of a VTA agent, which started immediately after
injection (10 min) and ended at 24hr after injection. For a group of 7 animals, I found that tumor PO,
started to drop significantly at 90 min (pO,= 9 % 3 torr) and became worst at 2hr after the injection (rO:
= 2 + 2 torr), compared to pretreated baseline level (23 = 5 torr, p < 0.01). In some cases, significant
decrease in pO, was observed as early as 30 min after injection. The pO; improved significantly 24hr
later with a mean = 15 + 4 torr. For the control tumors, there was no significant change in pO, after
saline injection.
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Figure 6 pO, (Mean + SE) obtained from a representative breast tumor in response to CA4P. pO2
decreased significantly as early as 30 min after injection and dropped to a lowest value at Zhr, and did
not respond to oxygen breathing. Despite certain recovery 24 hr later, pO; was still significantly lower
than the baseline. However, the tumor pO; increased significantly to oxygen breathing at this time point
(p < 0.05). * p < 0.05 from baseline air, " p <0.05 from 24hr air.

Such MRI results have been validated by histological and immunohistological studies. Using the
perfusion marker, Hoechst 33342 dye, I found a dramatic decrease in fluorescent light density at 2 hr
after CA4P, which recovered to some extent at 24 hr.

CD31 Hoechst dye

Pre

CA4P 2hr

Figure 7 Comparison of tumor perfusion pre and 2hr after CA4P. Fluorescent image showing extensive
distribution of vascular endothelium (red) for both tumors (pre and CA4P 2hr). In the same region of
each tumor, the number of perfused vessels in the CA4P treated tumor is significantly less than the
pretreated tumor.

Based on the CA4P results shown above, two abstracts of conference proceeding and two peer
reviewed papers are expected to accomplish. I think such results will be very important for timing
combined VTAs with irradiation.

Key Research Accomplishments
e  Assessment of tumor perfusion and oxygenation in the untreated breast tumors by in vivo
MR approaches

a.  Heterogeneous vasculature and oxygenation within a tumor or between individual tumors has been
evaluated in the 13762NF rat breast tumors using integrated proton and fluorine MR techniques.



b. Results of 'H BOLD and DCE MRI, providing information about qualitative vascular oxygenation
and perfusion.

c.  Significant correlation has been found between changes in tissue pO, monitored by F NMR
oximetry and "H BOLD response accompanying oxygen intervention.

e  Assessment of dynamic perfusion and oxygenation in the breast tumors in response to a
vascular targeting agent, Combretastatin A4 phosphate, by in vivo MR approaches

a.  Significant reduction in tumor perfusion was found at early stage of treatment with CA4P (2hr) by
'H DCE MRI and diffusion-weighted MRI.

b.  Tumor pO; started to drop significantly at 90 min and continued to decrease to a lowest value at
2hr after CA4P.

c.  Tumor pO, improved at 24hr later, but it was still lower than the pretreated baseline pO;; pure
oxygen inhalation at this time point significantly improved the pO,, which can be useful in terms of
timing for a combination with irradiation in my Task 2 study of this project.

e  Correlation of MR findings with biological studies

a. Immunohistochemical studies of tumor hypoxia and vasculature using hypoxic marker
pimonidazole and endothelium marker CD31 supported our MR findings.

b.  Administration of perfusion marker Hoechst dye 33342 showed a significant reduction in perfused
vessels at 2hr after CA4P, supporting the MRI results.

Reportable Outcomes
Reportable outcomes that have resulted from this research endeavor include:

e  Peer Reviewed Publications:
1. Zhao, D, Jiang, L., and Mason, R P. Measuring changes in tumor oxygenation. Methods Enzymol.
386, 378-418, 2004.

e Abstracts (Published Conference Proceedings):

Oral presentations:

1. Zhao, D., Jiang, L., Constantinescu, A., Hahn, EW., and Mason, RP. Interrogation of tumor
vasculature and oxygenation by integrated 'H and YF MRI. 5" Radiat. Res. Soc. St. Louis, MO,
Apr 2004.

2. Zhao, D, Jiang, L., Constantinescu, A., Hahn, E.W., and Mason, R.P. Evaluation of breast tumor
microcirculation and oxygenation using a combination of BOLD, DCE and F MRI. 11" ISMRM,
#222, Kyoto, Japan, May 2004.

e Manuscripts in preparation:

Abstracts of conference proceeding:

1. Zhao, D., Jiang, L., Adam, A, Hahn, EW., and Mason, R.P. Evaluation of early change in tumor
perfusion and oxygenation in response to vascular targeting agent Combretastatin A4 phosphate by
magnetic resonance imaging in vivo. 96™ AACR. Anaheim, CA.

Peer reviewed papers:

1. Zhao, D, Jiang, L., Hahn, E.W., and Mason, R.P. Evaluation of breast tumor microcirculation and
oxygenation using a combination of BOLD, DCE and F MRI. Magn. Reson. Med.



2. Zhao, D, Jiang, L., Adam, A, Hahn, EW., and Mason, R.P. Evaluation of early change in tumor
perfusion and oxygenation in response to vascular targeting agent Combretastatin A4 phosphate by
magnetic resonance imaging in vivo. Cancer Res.

3. Zhao, D., Jiang, L., Hahn, EW., and Mason, R.P. Early tumor response to vascular targeting agent
Combretastatin A4 phosphate by diffusion-weighted MRI and dynamic contrast enhanced MRIL. J.
Magn. Reson. Imaging.

e Employment or research opportunity:

Ammar Adam, an experienced research technician, has been recently recruited as a Research
Assistant by our department. Mr. Adam will contribute 40% of his effort to this project.

Conclusion:

Results reported here were successful in terms of the outlined tasks cited in the original proposed
statement of work. Three publications have been achieved during the Year 1. More importantly, in terms
of dosing and timing, the results of Year 1 will lay foundation for the combination treatment of vascular
targeting agent with irradiation in the following Task 2 project. Especially, the results of tumor oxygen
dynamics following the vascular targeting agent have not been reported before. While dynamic contrast
MRI indicates vascular shut down, the critical pO, measurements are potentially more important. I am
confident that integrated functional MR approaches will facilitate us to fully understand and precisely
assess the treatment-induced changes occurring prior to overt changes in tumor size in breast tumors, so
that we may predict response and optimize the therapy.
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needle
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locations
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TABLE I (continued)

Characteristic resolution

. Parameter
Technique Reporter measured Invasiveness  Spatial ‘Temporal References
Optical probe  Rh complex Fluorescent Needle 2-4 locations Real time  Griffiths®®; Bussink,
(OxyLite, lifetime 26 G) Kaanders et al.;

Braun, Lanzen et al®

Zhao, Constantinescu et al.>*;
Gu, Bourke ef al®;

Jordan, Beghein ef al.>*
Phosphorescence  PD-complex Lifetime v Maps <1min  Wilson™;

' Vinogradov, Lo et al™;
Dewhirst, Ong er al.%

Wilson, Vinogradov e al.%;
Erickson, Braun et al?

FOXY)

Fluorescence EFs Fluorescent IV + biopsy Maps Once Koch”
intensity microscopic
Mass Oxygen Atoms Needle Single Potapov, Sirovskii et al.?
spectrometry location

%H. Lyng, A. O. Vorren ¢t al., . Magn. Reson. Imaging 14, 750 (2001).

1. A. O’Hary, F. Goda et al., Radiat. Res. 144, 222 (1995).

°F. Goda, G. Bacic et al., Cancer Res. 56, 3344 (1996).

4B, Gallez, B. F. Jordan et al., Magn. Reson, Med. 42, 627 (1999).

€J. A. O’Hara, R. D. Blumenthal et al., Radiat. Res. 155, 466 (2001).

f3. F. Dunn, J. A. O’Hara et al., J. Magn. Reson. Fmaging 16, 511 (2002).

#T. Hasegawa, I. G. Rhee et al., Int. . Radiat. Oncol. Biol. Phys. 13, 569 (1987).
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¥8¢

STOHIIN "TVEENAD

81l

M. 1. Eble, F. Wenz et al., in *“Tumor Oxygenation” (P. W. Vaupel, D. K. Kelleher, and M. Giinderoth, eds.), p. 95. Gustav Fischer,
Stuttgart, Germany, 1995. '
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PFOB A =0328 2.85 7 Phantom Mason, Shukla et al1% =
B =0.12137 X

‘PFOB 20 Rat tumor Sostman, Rockwell et al.%

PFOB A = 0.085 15 Rabbit liver “Tran, Guo et al.!'*
B =0.0033

‘PFOB 85 Pig liver, luny, spleen  Millard and McGoron'

PFOB 145 ‘Rat lung, Mouse fung  Thomas, Clark, Jr. ef al$

PFOB 15 Pig lung Laukemper-Ostendorf,

: Scholz et al12°

Perfluoro-2,2,2',2'- A = 0.50104 2.0 Phantom Sotak, Hees ez al.”

 tetramethyl-4.4'- B =0.1672

" bis(1,3-fiozolane) ’

(PTBD)

TABLE Il (continued) §
Temp.
Sensitivity sensitivity =~ Magnetic Application/
PFC to p0,° (torr/®)  field Bo(T) comments ‘References
PFTB A =0.684 47 Rabbit eye Berkowitz, Wilson et.al.1%;
B = 0.00305 Wilson, Berkowitz et al.”
PFIB A = 09072 15 Human eye Wilson, Berkowitz ef al.'¥
B = 0.004486 ) _
PFIB A =0.8848 8.17 7 Mouse Meth-A tumor Mason, Shukla et 2t} 4
B = 0.1307 and heart g
Perfluorotripropylamine A =0314 1.9 Rat subcutaneous Fishman, Joseph er al.
(FTPA) B = 0.002760> tamor £
FTPA A =10301 14 Rat spleen, lung, Fishman, Joseph et al.™** =
B = 0.00312 liver a
FIPA A = 04052 20 Rat liver, spleen . Holland, Kennan -t al.1** o
B = 0.0023 a
FIPA 44 Cells . ‘Taylor and Deutsch?
Bis-perfluoro-butylethylene A = 0.3421 7.05 Rat, alginate capsules  Noth, Grohn ez al.*®*
(F-44E) B=011172
F-44E A= 0342 7.05 Rat spleen, liver, Noth, Morrissey et al 18
B =0.1201 abdominal sorta,
. vena cava i
F-44E A =02525 059 2.0 Mouse tumor Hees and Sotak™
B = 0.16527
Perfluoroctyl-bromide A =0517 9.4 Rat heart -Shukla, Mason éf al.®
(perflubron) (PFOB) B =0.0038 -
PFOB A = 02677 1.26 47 Prostate tumor in rat  Antich et al.} .
‘B =0.12259 ;

Some original papers presented calibration curves in other forms (e.g., including coefficients for temperature dependence). In those cases,
equations have been derived assuming 37°. Where a PFC has morc than one resonance, the equation presented is either for the most sensitive
signal, or the equation used where the signal may have been uanresolved.
“Ry () = A + B x pO;, (torr).
bC. A. Wilson, B. A. Berkowitz ef al., Exp. Eye Res. 55, 119 (1992).
“I. E. Fishman, P. M. Joseph et al., Invest. Radiol. 24, 65 (1989).
“J. Taylor and C. J. Deutsch, Biophys. J. 53, 227 (1988).
°H. P. Shukla, R. P. Mason et al., Magn. Reson. Med. 35, 827 (1996).
" fR.'W. Millard and A. J. McGoron, Artif, Cells Blood Subst. Immobil. Biotechnol. 22, 1251 (1994).
8. R. Thomas, L. C. Clark, Jr. et al., .I. Comput. Assist. Tomogr. 10, 1 (1986).
%C. H. Sotak, P. S. Hees e al., Magn. Reson. Med. 29, 188 (1993).
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392 GENERAL METHODS 18]

Because relaxation is proportional to oxygen concentration, the effect
will be greater at a given pO; than for water. Importantly, ions do not enter
the hydrophobic PFC phase, and thus do not affect the bulk relaxation.
Indeed, PFCs are typically exceedingly hydrophobic and do not mix
with the aqueous phases, but rather form droplets or emulsions. Based on
these principles, PFCs have been applied to in vivo pO, measurements.
Characteristics of many diverse PFCs are summarized in Table II.

At any given magnetic field (Bo) and temperature (T), sensitivity to
changes in pO; is given by R; = a + bpO,. Thus a greater slope is impor-
tant, and the ratio n = b/a has been proposed as a sensitivity index.*”® Gen-
erally, a small “a” value (intercept) represents greater sensitivity, but it
also generates longer Ty values under hypoxic conditions, potentially in-
creasing data acquisition times. Indeed, the Ty of hexafluorobenzene
(HFB) at 4.7 T may reach 12 s, potentially creating leng imaging cycles,
but this is readily overcome by applying single-shot (echo planar) imaging
techniques, as presented in a later section. '

Many PFCs, such as perfluorotributylamine (PFIB), perflubron (for-
merly referred to as perfluorooctyl bromide; PFOB), and Therox (F44-
E), have several *F NMR resonances, which can be exploited to provide
additional information in spectroscopic studies, but seriously hamper ef-
fective imaging. Multiple resonances can lead to chemical shift artifacts
in images, which compromise the integrity of relaxation time measure-
ments, though they can be avoided by selective excitation, or detection,
chemical shift im_aging, deconvolution, or sophisticated tricks of NMR
spin physics.!16119129713% These approaches add to experimental com-
plexity and are generally associated with lost signal to noise ratio (SNR).
Thus we strongly favor PFCs with a single resonance, and we will describe
the use of HFB23242106134137 hough some research groups favor

5-crown-S-ether (15C5).88:117:138.139

1285 R. Thomas, R. G. Pratt ef al., Magn. Reson. Imaging 14, 103 (1996),

1291 3, Busse, R. G. Pratt et al,, J. Comp. Ast. Tomagr. 12, 824 (1988).

1?° R. P. Mason, N. Bansal et al., Magn. Reson. Iinaging 8, 729 (1990).

131}, K. Lee and O. Nalcioglu, J. Magn. Reson. Imaging 2, 53 (1992).

1321y Néth, R. Deichmann et al., J. Magn. Reson. B 105, 233 (1994).

133 G. Pratt, J. Zheng et al., Magn. Reson. Med. 37, 307 (1997).

1341, Zhao, A. Constantinescu ef al., Radiat. Res. 156, 510 (2001).

135y, Song, A. Constantinescu et al., Technol. Cancer Res. Treat. 1, 471 (2002),

136 ) Zhao, A. Constantinescu et al., Radiat. Res. 159, 621 (2003).

137 1y, Zhao, S. Ran et al., Neoplasia 5, 308 (2003).

1388 P, I. van der Sanden, A. Heerschap et al., Int, J. Radiat. Oncol. Biol. Phys. 44, 649
(1999).

1397 (). Duong, C. Ladecola et al., Magn. Reson. Med. 45, 61 (2001).




TABLE 11

19F NMR CHARACTERISTICS AND APPLICATIONS OF PFCs For TisSUE OXIMETRY
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lung

TFemp.
Sensitivity sensitivity ~ Magnetic Application/
PFC to p0,” (tort/”)  field By(T) comments References
Hexafluorobenzene A =0.0835 0.13 4.7 Rat breast tumor, Hunjan, Zhao et al.'>®
(HFB) B = 0.001876 prostate tumor, “Zhao, Constantinescu et al.3>1*+13¢,
human lymphoma Mason, Ran et al%;
‘xenograft Song, Constantinescu ef al.’*;
Zhao, Ran et al.'¥’
BFB A = 0074 47 Rat prostate tumor Hunjan, Mason et al.*®%;
B = 0.00158 Mason, Constantinescu ef al!™
HFB (A =10.093 1.40 7 Phantom Mason, Rodbumrung e al.*
B = 0.103
Perflyoro-15-Crown- A =0345 294 2.0 Tumor cells Helmer, Han et al**’
5-ether (15C5) B = 0.0034
15Cs A =0333 3.98 2.0 Mouse tumor, Dardzinski and Sotak!”
B =0.0033 spleen, liver
15C5 A =044 43 Human glioma van der Sanden, Heerschap et al*%;
B = 0.0028 tumor in mice van der Sanden, Heerschap et ol 18
15C5 A = 0375 47 Rat breast tumor Fan, River et al*®
B = 0.00198
15C5 A =0362 47 Rat brain Duong, Ladecola et al.™*
B = 0.1239
Perfluorotributyl-amine A =109 443 0.14 Pig liver, spleen, Thomas, Pratt er al.'®
(FC-43) PFTB B = 0.00623 Tung
PFTB 0.14 Rat liver, spleen, Pratt, Zheng et al.';

Thomas, Gradon et al.'®
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DYNAMIC ASSESSMENT OF TUMOR OXYGENATION

GENERAL METHODS
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Fi16. 9. (A) Relationship of Ry o with signal amplitude showing strong correlation (¥ >
0.69). (B) Relationship of pO; and signal amplitude showing lack of correlation (+* < 0.05).

Fia. 8. PO, maps obtained using the FREDOM approach from the tumor shown in Fig. 3.
(A) Under baseline conditions, those voxels (n = 56) within the white region provided
consistently reliable data during repeated measurements. (B) Baseline map (breathing air:
FO; = 21%): mean pO; = 7.2 & 2.6 (SE) torr, median pO, = 1.3 torr (range —7-88 torr)..
(C) Breathing oxygen (FO, = 100%): fourth map obtained 2432 min after switching from air;
mean pO, = 47.2 & 10.7 torr (p < 0.0001 compared with baseline), median pO; = 8.3 torr
(range —3-204 torr). (D) Breathing carbogen (FO, = 95%): fifth map after switching to
carbogen: mean pQ; = 43.1 £ 9.2 torx (p < 0.0001 compared with baseline), median pQ; = 5.6
torr (range —10-216 torr). (See color insert.)
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FiG. 10. Monte Carlo simulation of tumeor oxygenation. Asymptotic behavior shows that
tumor may be characterized by about 50 data points. For this large AT1 tumor in a rat
breathing oxygen, all estimates converge on the mean pO, = 31.7 + 1.0 (SE) torr.

itself may give an apparent relaxation curve (R;) fit, data are selected
within a region of interest, having Tj e < 2.5 s and the ratio Ty ¢/Ty <
50%. With respect to respiratory interventions, only those voxels that pro-
vided consistently reliable data throughout the measurements are included
for further analysis. At 37° and 4.7 T

pO,(torr) = [Ry(s™!) — 0.0835]/0.001876 )

Equation (5) provides pO, in units of torr. The literature can be compli-
cated by use of various units, and it may be instructive to provide conver-
sion factors. We favor torr (1 terr = 1 mmHg), since radiobiologic hypoxia
develops in the range 0-15 torr and this is the traditional unit favored
by radiation biologists and oncologists. Further, 760 torr = 1 standard at-
mosphere (atm.), and gases are often quoted in %atm. For SI units, 101,
325 Pa (or N/m?) = 1.01325 x 10° dynes/cm? = 1 atm. Some investigators
quote oxygen concentrations in pM, often assuming that the solubility of
oxygen in water at 37° is 1.35 uM/torr.” Quoting concentrations can be
confusing because the solubility of oxygen is highly variable in solutions.
FREDOM calibration is based on pO; values, and as shown by Egs. 1-3,
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these are directly related to the solubility of oxygen in HFB. However,
partitioning of oxygen between the aqueous and PFC phases depends on
pO,, not concentrations, Thus the pO, determined by FREDOM will ac-
curately reflect the ambient tissue pO, and if the solubility of oxygen can
be estimated in the particular milieu, then [O,] could be calculated.

Both systematic and random errors may interfere, Random errors. may
be diminished by performing multiple repeat measurements (provided that
the biologic system is stable). Systematic errors are more complex and
could arise inter alia from erroneous calibrations, inappropriate curve fit-
ting, and temperature changes. Appropriate cuive fitting may be the
greatest problem in relaxation analysis. Provided signal/noise > 10 for the
most intense signals, we generally obtain excellent curve fits. Each voxel
(or ROY) will comprise HFB at a range of pO, values, creating a multiex-
ponential curve. However, modeling shows that the fit provides an “aver-
age” value. For population data, we sometimes determine error-weighted
means [X(x/0?)]/[%(1/0?)] in order to exploit as much available data as
possible. ‘ '

In terms of absolute pO, values, the most critical aspect is effective cali-
bration curves. Over the years we have achieved pO,-dependent °F NMR
relaxation curves for many PFCs!16141-193.160 44 encountered potential
pitfalls. The calibration curve we recommend at 4.7 T and 37° is given by
Eq. (5) which was originally presented by Hunjan et al.!%® Briefly, 125 4l
HFB was added to each of four gas-tight NMR tubes together with
0.5 ml water and saturated at 37° by bubbling with carbon dioxide, 1%
O, (balance Nz), 9.8% O, (balance Ny), or air, respectively. Tubes were
sealed, and the phantom was maintained at 37° in a water bath within a coil
in the magnet. FREDOM was applied using the parameters described
earlier, and the spin-lattice relaxation rates were estimated on a voxel-
by-voxel basis using three-parameter fit. Equation (5) was established using
linear regression analysis of amplitude squared weighted mean values for
each gas.’®

Although the relationship R; = f (pOy) is theoretically expected to be
linear and empirically found to be so, we believe that it is important to use
calibration gases in the range of physiologic pO,. We recommend purchase
of rigorously calibrated gases. We bubble gases for 30 min and use gas-tight
Wilmad NMR tubes, which may be sealed with ground glass joints.
Samples are used within hours of saturation. As desired, multiple tubes
may be prepared at given pO,, but since a linear relationship is expected,
it may be equally appropriate to use additional gases. T; may be deter-
mined multiple times for each sample, and we recommend using the pulse
sequence to be applied for in vivo investigations. In 1997, we published a
calibration curve ’
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Fra. 14; Varation in pO, with respiratory challenge for individual regions chosen ‘as
initially well osygenated (pO, > 10 torr) or hypoxic (pO; < 5 torr) from an AT1 (dotted lines)
and H (solid lines) tumor, respectively. All the well-oxygenated regions in the two sublines
increased significantly in p0, in response to oxygen breathing ( p < 0.01). The hypoxic regions

-from the H tumor imcreased, whereas those in the AT tumor did not.

of such interventions to provide clear insight into the mode of action of

therapeutic approaches and aid in the high-throughput screeming of new

drugs, such asvascular targeting and antiangiogenic agents.
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Evaluation of breast tumor microcirculation and oxygenation using a combination of BOLD, DCE
and 19F MRI

D. Zhao', L. Jiang', A. Constantinescu’, E. W. Hahn', R. P. Mason'
'Radiology, UT Southwestern Medical Center, Dallas, TX, United States

Introduction: Tumor microcirculation and oxygenation play important roles in malignant progression and metastasis, as well as response
to various therapies (1). Recognizing the intimate interplay of tumor oxygenation and blood flow, we have initiated investigations to
compare regional changes in tissue pO, with vascularity. We have recently established a novel magnetic resonance approach to measuring
regional tumor oxygen tension FREDOM (Fluorocarbon Relaxometry using Echo planar imaging for Dynamic Oxygen Mapping) with
hexafluorobenzene, as the reporter molecule. This technique allows us to not only simultaneously examine multiple specific locations
within a tumor, but also observe dynamic changes at individual locations with respect to intervention. Dynamic Contrast Enhanced (DCE)
'H MRI based on exogenous Gd-DTPA and Blood Oxygen Level Dependent (BOLD) based on endogenous contrast deoxyhemoglobin are
each sensitive to vascular characteristics. Here, we apply these MRI approaches to evaluate tumor oxygenation and vascularity and
investigate the potential correlations among data set acquired by each technique.

Metheds: Syngeneic breast NF13762 carcinomas were implanted in skin pedicles on the foreback of female Fisher rats. When the tumors
reached ~ 1 cm diameter (Vol. ~ 0.6 cm®), MR measurements were performed on a 4.7 T Varian system. Each rat was maintained under
general anesthesia (air and 1% isoflurane). Hexafluorobenzene (50 ul) was injected into both central and peripheral regions in a single
central plane of the tumor coronal to the rat’s body. A tunable ("H/'°F) single-turn solenoid coil (2 cm in diameter matched to the tumor
size) was placed around the tumor-bearing pedicle. A single 2mm slice paralle] to the rat body containing the strongest fluorine signal was
chosen for the following 'H DCE and BOLD and !°F pO, studies. The transverse relaxation rate R2" was measured using multigradient
echo sequence with 8 echoes (TR=195ms, TE=7ms and spacing =6ms) during air or oxygen breathing. After air equilibration, 2 series of
spin echo planar images (constant recovery time T = 500 ms (= TR) and TE=53 ms) obtained for BOLD response measurements during
respiratory challenge. Following BOLD, the coil was retuned to "F. Tumor oxygenation was assessed on the same 2mm slice using °F
PBSR-EPI of HFB with 6.5 minutes time resolution. A series of pO, maps was acquired over a period of 60 min with respiratory challenge,
and corresponding regional pO, was estimated using the relationship: pO, (torr) = (R1-0.0836)/0.001876 (2). Finally, Dynamic Contrast
Enhanced (DCE) MRI was performed on the 2mm slice using TI-weighted spin echo sequence (TR= 180ms, TE= 18ms) after a bolus
injection of Gd-DTPA-BMA (0.1 mmol/kg, Omniscan) through a tait vein catheter. All data analysis was based on pixel by pixel basis.

Results: Each technique demonstrates intra-tumoral heterogeneity. As shown in Table 1, tumor pO, and BOLD SI increased and R2"
decreased in response to respiratory challenge, and tumors with higher initial pO, and less hypoxic fraction (HF,q) had higher challenged
pO; values (r >0.8, p<0.01). A significant correlation was found between ApO, and BOLD response (r >0.9, p<0.001, Fig. 1), while a lack
of correlation between baseline pO, and the BOLD SI. There was no general correlation among pO,, R2"and IAUC.

Table 1. Results of diverse MR approaches

Case F pO, (torr)  {BOLD R2* (s7) DCE \
no. | Air HF 0 (%) A (%) | Air Oxygen A 1AUC 15% 3

1 | 363 0 136 | 14.1 | 461 426 3.5 0.66 _ 2%
2 166 23 645 93 [547 526 2.1 1.00 e oy
3 1125 31 496 | 75 | 694 638 -56| 0.8 g 6%
4 | 128 29 677|123 1156 101.6 -140| 049 o
5 |15 33 215| 29 {641 667 26 | 040 3%
6 | 123 21 19.8 1 23 [ 499 . 476 2.0 0.31 : 0%
7 (243 25 472 45 | 362 338 24| 061 0 50 Ap02 (ton)mo 150
8 |NA NA NA |61 (9.6 8.6 40| 087

Mean | 18.0 23 58 74 | 65.8 61.9 3.9 0.62 -Fig.1. Correlation between ApO; and BOLD

Discussion: There is increasing evidence that tumor pO, has prognostic value in the clinic (1). Using the FREDOM approach we are able to
detect intra-tumor differences in oxygenation. One might anticipate that non-invasive vascular dynamics could provide surrogate markers
for tumor oxygenation. While we have found that BOLD and DCE provide a qualitative indication of tumor vascular dynamics, our results
suggest a lack of correlation with tumor pO, itself. However, there was a strong correlation between BOLD response and ApO,
accompanying oxygen challenge.
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ABSTRACT:

Tumor oxygenation has been widely recognized as a potent factor influencing tumor response to various
therapies, especially radiotherapy. Recognizing the intimate interplay of tumor oxygenation and
vascularization, we have initiated investigations to compare regional changes in tissue pO, with
vascularity in syngeneic breast NF13762 carcinomas by integrated "H and °F MRI. Tissue pO; dynamics
were assessed using FREDOM (Fluorocarbon Relaxometry using Echo planar imaging for Dynamic
Oxygen Mapping) with hexafluorobenzene, as the reporter molecule. Dynamic Contrast Enhanced (DCE)
'H MRI based on exogenous Gd-DTPA and Blood Oxygen Level Dependent (BOLD) 'H MRI based on
endogenous contrast deoxyhemoglobin were used to interrogate vascular characteristics. FREDOM
revealed considerable intra tumoral heterogeneity in the distribution of pO; values. A mean pO, increased
significantly from a baseline 18 4 (se) torr to a maximum value 78 +16 torr and a mean HF<10 mmHg
decreased from 23 % to 4 %, in response to oxygen breathing. The increase in tissue pO, (ApO,)
correlated closely with BOLD response to oxygen (r >0.9, p<0.001). However, DCE MRI data (IAUC)
showed no correlation with °F pO, or BOLD data. The non-invasive BOLD and DCE MRI are capable of
qualitatively measuring blood oxygenation and perfusion. Combination with information on quantitative
tissue oxygenation by °F MR will provide better understanding of tumor physiology and response to
intervention. Supported by DOD Breast Cancer DAMD 170310363 and NCI RO EB2762 and P20
CA86354.
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